Epitaxial bicrystals of Cu͑In, Ga͒Se 2 ͑CIGS͒ have been grown and characterized spanning high angle incoherent grain boundaries. The grain boundaries in the CIGS were generally found to be fully dense, although voids were occasionally observed as is typical in CIGS polycrystals. There was no significant difference in composition of the grains across the boundary. No reduction in dislocation density near the grain boundary was found. X-ray diffraction results were consistent with partially strained epitaxial layers with domains tilted relative to the surface normal and with different rotations in the surface plane. The tetragonal symmetry of the unit cell appears to have affected the residual strain in the layers and the amount of misfit observed. The surface morphology was found to reflect trends observed in growth of single well-oriented crystals. Differences in surface potential of air-exposed grains showed a morphology-dependent work function. However, no significant potential difference was observed that was related to the grain boundary. Surface morphology effects were much greater. The surface showed a clear rotation of morphology across twin boundaries in the surface plane of one grain. The twin boundaries were also fully dense.
INTRODUCTION
Photovoltaics based on CuInSe 2 ͑CIS͒ and related materials have the highest performance of any thin film devices; 1 however, many questions remain to be answered concerning the principles underlying their operation. In particular, the effect of grain boundaries on device performance is of great interest. A typical device consists of a polycrystalline p-type Cu͑In, Ga͒Se 2 ͑CIGS͒ semiconductor alloy deposited on a Mo-coated soda-lime glass substrate, coated with intrinsic CdS by chemical bath deposition, and an n-type transparent conducting oxide. 2, 3 These devices are believed to be limited by carrier recombination in the space-charge region, 4 although the details of defects involved in this recombination are still very unclear. In addition to polycrystalline CIGS devices, single crystal thin film devices have been produced on GaAs substrates for research purposes. 5 In spite of controlled crystal orientation and surface polarity through GaAs substrate selection, the conversion efficiency of single crystal devices ͑maximum of 8%͒ is inferior to that of their polycrystalline counterparts ͑up to 19.2%͒. Among other factors, the presence of grain boundaries in these devices appears to be beneficial to their efficiency. Two questions must be resolved to understand this remarkable result. First, how can grain boundaries fail to mediate carrier recombination, as is typical in other semiconductors, 6 and thus fail to have detrimental effects on the device? Second, what benefits do grain boundaries provide that are not available in single crystal devices that would account for the superior performance of polycrystalline devices? The results presented here address some aspects of these questions. In conventional thin film CIGS polycrystals, the grain size is typically less than 2 m, 1,7 while minority carrier diffusion lengths and depletion widths are thought to be at least 0.5 m. [8] [9] [10] It is, therefore, nearly impossible to probe the electronic properties of bulk grains in these films, as grain boundary effects are pervasive throughout the bulk of the grains. By fabricating epitaxial CIGS layers on bicrystal ͑or very large polycrystalline͒ GaAs substrates, it becomes possible to probe the behavior of an isolated grain boundary in detail. 11 This paper reports the growth of epitaxial layers of CIGS on bicrystal GaAs substrates and the preliminary characterization of the structure, morphology, and composition of the grain boundaries and individual grains. Optical and electronic properties and the effect of surface polarity of the resulting materials will be described in later papers.
EXPERIMENTAL
Polished, 3 in. diameter, 500Ϯ 25 m thick, undoped, large-grained polycrystalline GaAs substrates were obtained from Wafer Technologies Inc., UK lot number 306. A photograph of a typical substrate and its major structural features are shown in Fig. 1 . Samples were protected for cutting by an acrylic coating, cut by wire saw and the protective coating was removed in an ultrasonic bath of acetone, rinsed with isopropyl alcohol and de-ionized water, and blown dry in dry N 2 . Cut samples were mounted to a resistive substrate heater using clips. Single crystal CIS was deposited by a hybrid sputtering and evaporation method described in detail elsewhere. [12] [13] [14] Typical deposition temperatures for obtaining epitaxy were 690-720°C measured by thermocouple and calibrated using an optical pyrometer.
Characterization of the CIS layers was carried out by scanning electron microscopy ͑SEM͒ in various instruments featuring energy dispersive spectroscopy ͑EDS͒ for composition analysis and electron backscatter diffraction ͑EBSD͒ capability. Transmission electron microscopy ͑TEM͒ was conducted in a JEOL 2010F field-emission scanning TEM with a beam size of ഛ1 nm, EDS, and other capabilities. Surface morphology and contact potential difference ͑V CPD ͒ were characterized by atomic force microscopy ͑AFM͒ capable of Kelvin-probe force microscopy ͑KPFM͒ in a Veeco Dimension D3100 AFM. Secondary ion mass spectrometry ͑SIMS͒ results were obtained in a Cameca IMS-5f instrument using a Cs ion beam and detecting positive secondary ions. Finally, x-ray diffraction ͑XRD͒ was carried out using a Philips Xpert system with 12 arc sec resolution.
RESULTS

Substrate characterization
The GaAs polycrystalline substrates were characterized by EBSD prior to film deposition. Each substrate contains two large grains and several small grains ͑Fig. 1͒. This work focuses on the epitaxial growth on the two large grains and resulting boundary; all other grains are ignored in this work due to their small size. Electron backscatter pattern indexing 15 shows that grain 1 has a surface normal of ͑0.18, 0.21, 0.96͒, approximately ͕115͖, which is tilted 15.8°rela-tive to the low-index ͑001͒ orientation. Grain 2 has the following two orientations: ͑0.67, 0.26, 0.70͒ and ͑0.09, 0.54, 0.84͒, approximately ͕313͖ and ͕169͖, which are related by twinning within grain 2. The grains 1 and 2 have a misorientation ͑properly "disorientation"͒ angle of 82°about ͗132͘. This does not correspond to any simple structural correlation between the grains. It can be assumed that the grain boundary will facet into low energy configurations. This is evidenced by TEM and supported by KPFM measurements ͑see below͒. The boundary curvature then results in a range of grain boundary orientations depending upon where along the boundary the sample was cut ͑see Fig. 1͒ .
Thin film composition
Epitaxial thin films of CIS were successfully grown across the high angle grain 1-grain 2 boundary as well as all twin boundaries in grain 2. Typical film thicknesses were ϳ0.7-0.9 m. EDS analyses of the two grains show typical compositions of 22.3/ 26.6/ 51.1 and 23.2/ 26.3/ 50.5 at. % for Cu/ In/ Se in grains 1 and 2, respectively ͑i.e., nearly comparable compositions͒. No Ga was detected in the film by EDS. SIMS analysis shows the presence of Ga toward the GaAs-CIS interface of grain 1 ͑the ͕115͖ grain͒ and more evenly distributed throughout grain 2 ͑the ͕313͖ or ͕169͖ grain͒, suggesting that the Ga diffusivity is greater in Grain 2. SIMS analysis can be affected by surface roughness. The observed difference was determined not to be due to the greater surface roughness of grain 2 as the roughness was insufficient to account for the difference based on the rate of change of the As, Cu, and In signals across the CIGS/GaAs interface. The Ga in both grains 1 and 2 is at a very low concentration, Ͻ1 at. %, even in grain 2. The Ga profile toward the rear is very similar for both grains, consistent with a similar abrupt CIS/GaAs interface. The reason for higher diffusivity of Ga in grain 2 does not have an obvious cause but we know from earlier studies 14 of the surface morphology ͑see also below͒ that the incorporation of atoms on close packed facet faces ͑as on grain 2͒ is different from the behavior on the more gently curved surface of grain 1. In addition, as discussed below, the lattice misfit strain in the two grains is different. This may impact diffusivity as the stress in grain 2 may favor diffusion of Ga into the grain. 16 FIG. 1. ͑a͒ A photograph of a typical multicrystalline GaAs substrate used for growth experiments along with ͑b͒ a schematic of the grain structure of that substrate. Note that the twinning in grain 2 leads to a different index for the surface in the twinned region, that surface index was identified as ͕313͖.
TEM and dislocations
Typically, epitaxial CIGS layers show a significant density of dislocations. 17 In contrast, dislocations are very rare in polycrystalline layers with grain sizes on the order of 1 m. 18, 19 This is presumably because mobility is sufficient at the growth temperature such that dislocations can laterally move to grain boundaries or because the multistage growth process tends to reject defects as the layers from each stage mix and recrystallize. TEM images of the grain boundary region in the CIS film are shown in Fig. 2 . The image in Fig.  2͑a͒ indicates that a large density of dislocations occurs in grain 2, although neither side of the grain boundary in this image was specifically set up for dislocation contrast. There are also a significant number of dislocations in grain 1 based on other images, but grain 2 significantly contains more defects. The TEM results are in agreement with electrical resistivity measurements that show that grain 2 has a substantially higher resistivity than grain 1. An important observation about Fig. 2 and similar images is that no significant decrease in dislocation density is observed within ϳ1 m of the grain boundary. This indicates that grain boundaries in epitaxial layers ͑or very large-grained polycrystals͒ do not getter dislocations as well as those in devicegrade polycrystals. This may be due to the difference in growth process or a result of the crystallographic requirements of epitaxy. The presence of electrically inactive grain boundaries 20 that getter dislocations is a possible explanation for the superior performance of polycrystalline CIGS-based devices compared to epitaxial devices.
The image in Fig. 2͑a͒ shows a fully dense high-angle grain boundary. However, other boundaries were observed to occasionally contain voids. Boundaries were observed to show a tendency to form faceted surfaces with ͕111͖ type planes ͕͑112͖ T in tetragonal notation, designated here with a subscript T͒, similar to surface and void faceting commonly observed in single crystal and polycrystalline CIGS.
14, 21 An example of such a faceted boundary is shown in Fig. 2͑c͒ . By faceting into steps along the ͕111͖ plane ͑the lowest energy facet for CIS͒, the high-angle grain boundary can reduce its energy at the cost of reduced bonding between faces of the grain boundary.
XRD
The general structure of both grains was examined by XRD, as shown in Fig. 3 . The results show clear GaAs peaks located at 90.211°and 72.920°, consistent with the ͕115͖ and ͕169͖ lattice planes of the two substrate grain orientations. The two peaks are mixed Gaussian-Lorentzian with ϳ50% Gaussian contribution each. The ͕115͖ peak for the GaAs grain 1 is sharper than the ͕169͖ peak for the GaAs grain 2 with full widths at half maximum of ϳ0.03°and ϳ0.04°, respectively.
The corresponding CIGS peaks are very broad. The grain 1 CIGS XRD pattern shows a Lorentzian peak centered at 87.695°with a full width at half maximum of 0.33°and a second weaker peak at 88.813°with a similar width. Between these two peaks is a continuum of intensity suggesting a range of interplanar spacings d between 0.111 27 and 0.110 16 nm. If this difference were due to the composition of the CIGS alloy, then based on published variation in lattice constants with alloy composition, 22 the values suggest a range of compositions x =Ga/ ͑In+ Ga͒ between 0.03 and 0.36. However, EDS analysis shows x Ͻ 0.04 through virtually all of the layer, demonstrating no evidence of large amounts of Ga throughout the bulk of the films. SIMS analysis indicates x Ͻ 0.01. Therefore, the difference in lattice constants must be due to strain in the film. A pure CIS film should have an interplanar spacing of 0.111 37 nm for ͕512͖ T planes ͑tetragonal indexing scheme͒ and 0.111 84 nm for the similar ͕1 1 10͖ T planes. The most likely reason for the two 
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Hall et al. J. Appl. Phys. 103, 083540 ͑2008͒ peaks corresponding to two strain values observed in this grain is that the unit cell is tetragonal. The base of the standard CIS tetragonal unit cell has a lattice constant of 0.5782 nm while the half-height of the c axis is 0.5810 nm. Therefore, it is likely that the two peaks actually result from domains of two different orientations of the unit cell, one with c axis roughly perpendicular to the surface and one with c axis roughly parallel to the surface ͑"roughly" because the surface is approximately 15.8°away from the ͕001͖͒.
23,24
These two orientations for unstrained unit cells would produce peaks at 87.518°and 87.057°for perpendicular and parallel unit cell orientations, respectively. We, therefore, conclude that the 88.813°peak corresponds to strained film domains with the c axis perpendicular to the surface and 1.2% residual strain, and the peak at 87.695°corresponds to strained film domains with the c axis in the surface plane and 0.6% residual strain. There are two orientations with the c axis roughly in the surface plane and one with the c axis roughly perpendicular. This is consistent with the peak identification proposed because the peak at 87.695°is roughly three times the intensity of the 88.813°peak. The continuum of intensities between these peaks results either from disordering of the cation sublattice that is equivalent to an interpolation between the two unit cell orientations or from local variations in strain ͑in the absence of cation ordering the structure is sphalerite and the unit cell is cubic so c =2a, exactly͒. The XRD result for grain 2 shows a single broad Lorentzian peak located at 71.347°with a full width at half maximum of 0.85°. This peak position corresponds to a value of x = 0.16 in the absence of strain but, again, SIMS and EDS show x Ӷ 0.04 in the film. As with grain 1, this indicates a residual strain in grain 2, in this case corresponding to a misfit of 1.9% relative to the ͕169͖-oriented GaAs substrate and a 0.6% residual strain relative to the expected CIS lattice constant. Thus, the residual strain in the CIS grain 2 is similar to that in grain 1. The major difference in grain 2 is that rather than distinct peaks corresponding to specific strains, a single average strain value is observed with a distribution of peak positions around this value. Based on the interpretation proposed for the grain 1 diffraction features, it is concluded that because the grain 2, ͕169͖, surface is roughly intermediate between adjacent ͕100͖ planes, the single broad peak corresponds to an average behavior for all three symmetryrelated equivalent orientations of the tetragonal unit cell relative to the ͕101͖ plane that is near the surface orientation ͑ϳ13.3°͒. The width of the peak implies a range of strains due to cation sublattice disorder, a range of unit cell orientations, and differences in strain relief in the films locally.
EBSD of film-verification of epitaxy
Epitaxy was confirmed by EBSD and by evidence of surface morphologies discussed below. EBSD patterns ͑Fig. 4͒ are consistent across the entirety of the two grains, except as affected by twin boundaries, indicating complete epitaxy. The patterns do show a distinct difference in the tilt of the film relative to the substrate that appears to reflect the difference between the surface orientations of the two epitaxial layers. Specifically, the ͕512͖ T -oriented ͑grain 1͒ CIS film is tilted ϳ0.22°toward ͕110͖ and rotated ϳ0.6°relative to the substrate pattern. The tilt direction indicates an asymmetric strain relief for the two ͗110͘ type directions ͑i.e., more strain relief in one direction compared to the other͒. Such asymmetric strain relief is typical and more likely with a substrate misoriented relative to a low-index plane. 25, 26 The ͕169͖-oriented grain 2 is tilted ϳ0.48°in the direction of ͕166͖ without rotation of the pattern relative to the substrate. A film with a ͕110͖ interface plane would have only one Burgers vector for a misfit dislocation in the plane of the interface. Therefore, strain relief is difficult in more than one direction for a given unit cell orientation. However, by rotation of the unit cell in the surface plane, the strain relief can be rendered effectively symmetric across multiple orientation domains. However, the fact that the surface is not exactly oriented along ͕110͖ makes it unlikely that a symmetric strain relief would have occurred.
EBSD patterns were analyzed close to several zone axes to check for differences in pattern quality. Examples of portions of the patterns close to the ͗121͘, ͗111͘, and ͗120͘ ͑cu-bic͒ directions are shown in Fig. 5 . The general trends are FIG. 3 . XRD data on ͑a͒ grain 1 and ͑b͒ grain 2.
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Hall et al. J. Appl. Phys. 103, 083540 ͑2008͒ quite consistent across the patterns. The GaAs EBSD patterns are significantly sharper than the CIS patterns while the grain 2 patterns are consistently sharper than the grain 1 patterns for both the GaAs and the CIS. These differences in sharpness were confirmed by periodogram analysis. 27, 28 This is in spite of grain 2 exhibiting an apparently higher dislocation density observed by TEM, a broader XRD pattern, a rougher surface morphology ͑see below͒, and a higher resistivity. The lower sharpness of the grain 1 patterns can be understood by noting that the range of d spacings evident in the XRD results is greater than for the grain 2 patterns, even though the width of the single XRD peak for grain 2 is broader than the individual film peaks for grain 1. The comparison implies that the domains giving rise to the XRD results are smaller than the volume analyzed by EBSD and that it is the overlap of such domains in the volume measured by EBSD that dominates peak broadening.
Surface techniques
The surface morphology of the films was examined by SEM and AFM and the results near the grain boundary are shown in Figs. 6 and 7, respectively. The surface exhibits features typical of single grains grown on GaAs substrates of ͕111͖, ͕110͖, and ͕100͖ orientations. 14, 29, 30 The ͕115͖ CIS surface ͑grain 1͒ exhibits a relatively smooth morphology with longitudinal ripples lying in one of the two ͗110͘ directions, much like growths on ͕100͖ GaAs. Pyramidal trenches are also observed running parallel to the ripples and are terminated in a rough facet of short height. The ͕169͖ CIS surface ͑grain 2͒ is primarily made of jagged tilted pyramids similar to behaviors observed for growth of epitaxial layers on ͕110͖ GaAs, which decomposes into ͕111͖ type facets. The various faces of the pyramids show different morphologies and relative sizes, not connected with simple geometric constraints. The asymmetry of the surface is directly correlated with the difference in surface energies of the two ͕111͖ surfaces and the growth mechanics. 21 As with previous studies, 14, 21 the surface morphology reflects a very strong tendency to facet to ͕111͖ type polar planes. The facet planes were determined based on threedimensional plane fitting of the AFM measurements since the crystal orientations were known ͑from EBSD͒. The surface facets were found to exhibit an interplanar angle of 112.7°, close to the theoretical value of 109.5°between two ͕111͖ facets. The difference results from the presence of surface steps.
In some cases, we have observed epitaxial growth on the ͕169͖ oriented GaAs while the adjacent ͕115͖ grain yielded polycrystalline CIS. This shows that the presence of a high density of low-energy close packed planes on the growth surface can reduce the effective epitaxial temperature, consistent with observations of relative epitaxial temperatures on well oriented GaAs single crystals.
14 SEM images of the twin boundaries in grain 2 show that the twins also have complete epitaxy on both sides of a fully dense boundary. The surface morphology is reflected across the twin boundary. Because grain boundaries are thought to exhibit a modest electrostatic potential barrier in these materials, 31 KPFM was performed across the boundary. Representative results are shown in Fig. 6 . No evidence was found for such a barrier; instead, the surface potential remains relatively constant across the grain boundary. The change in surface termination has a much larger effect on surface potential than the boundary itself does, with the two ͕111͖ type surfaces on facet faces of the ͕169͖ grain, showing different contact potential differences, as expected. 32, 33 Likewise, the elongated surface channels on the ͕115͖ grain show a variation in potential across the channels. However, we note that these surfaces were all exposed to air and, therefore, include a thin oxide. X-ray and ultraviolet photoelectron spectroscopy of the oxidized surfaces shows a significant effect on the Fermi energy, indicating that the oxide may play a more important role in controlling the local electron potential than the surface or grain boundaries. 34 The same trend in contact potential was observed in CuGaSe 2 films with a single twin boundary, where no barrier was observed, only a step between different surface potentials 35 whereas a grain boundary with a larger misorientation showed a small barrier of 30 meV.
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CONCLUSIONS
The growth of epitaxial CIS on GaAs bicrystal substrates demonstrates that isolated, fully dense grain boundaries can be purposefully grown by the hybrid sputtering and evaporation method. The epitaxial nature of the layer was confirmed by EBSD patterns, which also indicate that the films are slightly tilted relative to the substrate, evidence of asymmetric strain relief. TEM observations demonstrate that the isolated grain boundary in epitaxial CIS does not getter dislocations as well as grain boundaries in polycrystalline device material. This behavior illustrates the difference in dislocation formation mechanisms in the single-crystalline and polycrystalline materials. XRD results suggest orientation domains in grain 1, a product of metal sublattice disorder and a tetragonal unit cell in which c 2a. Residual strain in the films is observed to be between 0.6%-1.2%. The grain surfaces show typical ͕112͖ T polar plane preferred faceting. There is a correspondingly higher epitaxial temperature for the grain 1 side of the grain boundary. high-resolution TEM shows the high angle grain boundary facets on ͕112͖ T planes to reduce facet energy. grain 2 exhibits a greater Ga diffusivity, a larger dislocation density, a broader XRD pattern, and a rougher, more faceted surface morphology. The grain boundary shows no obvious effect on the properties of the material either as measured by KPFM or as evidenced by the density of dislocations in its vicinity. However, having fabricated an isolated high angle grain boundary in CIS, more extensive physical, electrical, and optical measurements are now possible. 
